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Abstract

This report catalogues the results of a project exploring the incorporation of
organometallic compounds into thermosetting polymers as a means to reduce their
residual stress. Various syntheses of polymerizable ferrocene derivatives were
attempted with mixed success. Ultimately, a diamine derivative of ferrocene was used
as a curing agent for a commercial epoxy resin, where it was found to give similar
cure Kinetics and mechanical properties in comparison to conventional curing agents.
The ferrocene-based material is uniquely able to relax stress above the glass
transition, leading to reduced cure stress. We propose that this behavior arises from
the fluxional capacity of ferrocene. In support of this notion, nuclear magnetic
resonance spectroscopy indicates a substantial increase in chain flexibility in the
ferrocene-containing network. Although the utilization of fluxionality is a novel
approach to stress management in epoxy thermosets, it is anticipated to have greater
impact in radical-cured thermosets and linear polymers.
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NOMENCLATURE

Abbreviation

Definition

Ea activation energy

ASAP atmospheric solids analysis probe
FcDA 1,1’-bis(a-aminoethyl)ferrocene
Sb bond order parameter

Ve calculated concentration of elastically effective strands at final conversion
CAN covalent adaptable network

Cp cyclopentadienyl ligand

DSC differential scanning calorimetry
DGEBA diglycidyl ether of bisphenol A
DMSO dimethylsulfoxide

DQ double quantum

DMA dynamic mechanical analysis

G" dynamic shear loss modulus

G’ dynamic shear storage modulus
Gt dynamic shear storage modulus at final conversion
828 EPON® 828 epoxy resin

as final epoxy conversion

FTIR Fourier transform infrared

tgel gel time

Ty glass transition temperature
HRMS high resolution mass spectrometry
IPD isophorone diamine

Teure isothermal cure temperature
D-230 Jeffamine® D-230 curing agent
LDRD Lab-Directed Research and Development
MAS magic angle spinning

MDA methylenedianiline

NMR nuclear magnetic resonance

NW nuclear weapon

R&D research and development

RDC residual dipolar coupling

T temperature

TGA thermogravimetric analysis




Abbreviation

Definition

Tew

ultimate glass transition temperature at full cure

&v

volumetric shrinkage from gelation to final conversion
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INTRODUCTION

Thermoset materials are created by the conversion of one or more monomers bearing
reactive functional groups into a crosslinked network, as shown in Figure 1-1 for the
example of tetra- and di-functional compounds depicted by red chevrons and blue
triangles, respectively. The starting monomers are typically a readily processable
liquid mixture, while the final polymeric product is tough, insoluble, and infusible, on
account of its crosslinked chemical structure. As such, thermosets are used in a variety
of applications, including many NW components. During cure, the average molecular
weight of the species present progressively increases and the mixture eventually gels.
At the gel point, the material is effectively a single, infinite network and it behaves as
a rubbery, viscoelastic solid, i.e., it is able to resist deformation. Beyond the gel point,
the material continues to cure and the density of crosslinks increases further. This is
accompanied by an increase in the T4 of the material. Below Tg, a thermoset behaves
as a glassy solid having a modulus (stiffness) orders of magnitude greater than above
T

Figure 1-1. Schematic diagram of a thermoset polymerization.

The reaction of functional groups in thermosets essentially substitutes weak van der
Waals interactions with strong covalent bonds, resulting in an overall decrease in
interatomic distances within the polymerizing network. This substitution drives a
volumetric contraction of the material, which is the origin of the well-known Achilles’
heel of thermosets — residual stress. In practice, the processing of thermosets
necessitates contact with one or more dissimilar materials, such as a mold or a
substrate. As cure progresses beyond gelation, the progressively increasing drive for
volumetric contraction is resisted by the adhesive constraints of such contacts,
resulting in a situation where the thermoset is perturbed from its equilibrium state, i.e.,
it possesses residual internal stress. This situation is frequently exacerbated by
changes in temperature, where the differing propensities for expansion or contraction
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of the thermoset and, for example, a surrounding mold generate additional stress in the
material. The magnitude of the overall residual stress in a processed thermoset is a
complex function of the thermal history of the material, the constraints imposed by
processing, the volumetric shrinkage that would occur in the absence of such
constraints, and the modulus of the material, which itself evolves in a complex manner
during cure. In general, the stress imparted by reaction shrinkage or thermal
excursions is proportional to the modulus of the material and is appreciably greater
when the material is glassy (below T4) compared to when it is rubbery (above Ty).
Nevertheless, for a particular system, significant residual stress can be built up in
either regime.

The residual stress that exists in a processed thermoset can be relieved through various
phenomena, many which are deleterious or even catastrophic for the performance of a
device, such as internal cracking or interfacial delamination. Therefore, any general
strategy by which residual stress can be reduced or eliminated will have a direct and
immediate benefit to applications in which thermosets are employed. Traditionally,
residual stress is addressed through optimization of cure schedules or through the
addition of inert fillers.*** In addition, residual stress can be partially relaxed
(relieved) by annealing a thermoset near its Ty, wherein molecular reorientation occurs
to accommodate the imposed stress, with a concomitant reduction in the free volume
of the material.*>*" Nevertheless, there are significant limitations in the extent to
which these strategies can reduce stress. Furthermore, in practice, they are often
unfeasible to implement; for example, the ideal cure schedule from a stress standpoint
may extend the cure time by a financially-prohibitive amount.*® Indeed, millions of
R&D dollars are spent each year at Sandia optimizing the processing conditions for
thermosets. In contrast, a general chemistry-based solution to this problem offers a
platform by which residual stress can be reduced across all thermosets independent of
processing conditions, thereby saving Sandia significant R&D investments in the long
term while enhancing material performance.

The intent of this LDRD project has been to create new fluxional thermoset monomers
and explore their capacity to reduce residual stress. In general, the term fluxional
describes a molecule or a portion of a molecule that undergoes spontaneous
interchange between different structures or bonding configurations. We use the term
fluxional more specifically to describe the dynamics of cyclopentadienyl (Cp)-metal
groups, such as metallocenes.*® A general example is shown in Figure 1-2 for a
metal, M, bonded in a sandwich configuration to two Cp rings. The metal can be
bonded through the electron cloud of one, two, three, or all five of the carbon atoms of
the Cp rings, termed m31, 12, N3, and ns configurations, respectively. More importantly,
the Cp rings can rotate around the ring-metal bond. In solution, the energy barrier to
ring rotation in ferrocene (Where M = Fe*?), for example, is 4 k/mol; by comparison,
the energy barrier to simple carbon-carbon bond rotation — a bond rearrangement
process that is considered to be relatively facile — is three times greater.?* The potential
ability of Cp-metal functionalities for residual stress relaxation when incorporated into
a polymeric network is depicted in Figure 1-3. A general metallocene group is
highlighted in red, exhibiting fluxional motion about the Cp-metal axis, while wavy
lines indicate continued polymer structure. An imposed stress, such as that resulting
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from the curing processes described above, can be relaxed (relieved) by molecular
reorientation. Generally speaking, stress can be relaxed in polymeric materials above
Tg, Wherein carbon-carbon bond rotation occurs rapidly and the corresponding
conformational rearrangements (e.g., trans-gauche) provide a mechanism for
relaxation. However, as discussed in greater detail in Chapter 3, the introduction of
crosslinks severely inhibits such conformational rearrangements. Nevertheless, the
degree to which Cp ring rotation will contribute to stress relaxation will be far greater
and it will be more readily activated on account of its substantially lower energy
requirements, in comparison to conventional polymeric materials.

R\<$7
éﬁ‘
1} n,

= T
n, (o) 1} Ns ring rotation

Figure 1-2. Several typical bonding configurations observed in fluxional
Cp-metal groups.

applied stress

'S
R
@Rﬁ: applied stress relaxation o \Q
M ) _— M
<> <"
/
Figure 1-3. Schematic diagram depicting hypothetical mechanism for

stress relaxation in polymers incorporating Cp-metal backbone
functionality.

It is important to emphasize that the approach described above and depicted in Figure
1-3 requires chain connectivity through the Cp-metal axis. In other words, appropriate
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monomers comprise symmetrically disubstituted metallocene derivatives. Therefore,
this project began with an exploration of synthetic strategies by which reactive
functionalities suitable for thermoset polymerizations (e.g., amine, epoxide, vinyl) can
be installed onto metallocenes. We chose to work with ferrocene derivatives, due to
the widespread commercial availability and cost of key precursors, as well as a
relative abundance of past literature in which ferrocenes are incorporated onto
polymers. These syntheses, described in Chapter 2, were discovered to be much more
challenging than anticipated, often yielding undesirable products or compounds with
low purity. Ultimately, a symmetrically substituted diamine of ferrocene — FCDA —
was the only compound we were able to obtain at a purity and scale suitable for
further study. This led us to subsequently focus our study on epoxy thermosets derived
from a common epoxy resin cured with FcDA. Unsurprisingly, we found that these
materials exhibited unique stress relaxation behavior above Ty and reduced residual
stress due to cure in comparison to conventional epoxy thermosets, which is the
subject of Chapter 3. Similarly, we used solid state *H NMR to investigate the
segmental dynamics of these materials and observed abnormally high chain flexibility,
which is the subject of Chapter 4. Finally, Chapter 5 compares the outcomes of this
project against the overall goal to minimize residual stress in thermosets and provides
several suggestions for future work on that basis.
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2.1.

SYNTHESIS OF REACTIVE, DISUBSTITUTED FERROCENES

Ferrocene Diepoxides

Initially, a symmetrically substituted diepoxide derivative of ferrocene was targeted as
a seemingly straightforward compound to synthesize. Diepoxides and triepoxides are
widely used as resins in the preparation of epoxy thermosets. In particular, DGEBA,
formed from the reaction of bisphenol A with epichlorohydrin, and similar compounds
are used as the base resin for the overwhelming majority of commercial epoxy
formulations, in combination with a wide variety of curing agents. Thus, a ferrocene
diepoxide would permit comparison of the stress relaxation characteristics and
dynamics of DGEBA-based and ferrocene-based epoxy networks.

Several literature procedures exist for the preparation of epoxide-substituted
ferrocenes reporting high yield.?? Several of these procedures were attempted in the
synthesis of the diepoxide with little success (Figure 2-1). Generally, reactions would
give the monoepoxide intermediate without progressing to the diepoxide. As an
example, the full synthetic details leading to compound 1 in Figure 2-1 are provided
below. A typical solution *H NMR spectrum of compound 1 is provided in Figure 2-2.
Attempts to drive the reaction to the diepoxide with heat or concentration of reactants
mostly led to byproducts. We attributed the retardation of the epoxidation reaction to
an intramolecular ‘isomerization’, where the epoxide group of the monoepoxide
intermediate is attacked by the alcohol on the same molecule (under basic conditions).
This initial intramolecular attack opens the epoxide, which can then close again by
cyclization to the epoxide on the other side of the molecule. We believe that fast
switching between these two states leads to a stable intermediate that is unreactive to
additional epichlorohydrin.

17
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Figure 2-1. Attempted synthetic routes to diepoxide derivatives of
ferrocene.
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Figure 2-2. *H NMR spectrum of monoepoxide 1.

1-(1'-(1-(oxiran-2-ylmethoxy)ethyl)-[ferrocene]-1-yl)ethan-1-ol (1). A solution of
1,1’-ferrocenbis(ethan-1-ol) (2.0 g, 7.2 mmol) in benzene (20 mL) was prepared in a
100 mL round bottom flask. To the flask was added tetrabutylammonium bromide
(0.28 g, 0.58 mmol) and an aqueous solution of NaOH (20 mL, 50% wt/wt). The
biphasic mixture was then stirred at room temperature and epichlorohydrin was added
dropwise via syringe. The reaction was stirred at room temperature for 16 hr, then
warmed to 45 °C and stirred for 4 hr. The reaction mixture was then cooled to room
temperature and poured into a separatory funnel. The aqueous layer was extracted with
ethyl acetate (2 x 40 mL), and the combined organic fractions were washed with brine
(1 x 50 mL). The organic layer was dried with MgSOy,, filtered, and concentrated
under vacuum. The crude mixture was chromatographed on silica gel using 5:1
dichloromethane:ethyl acetate as eluent to afford the pure product as an orange/brown
oil (1.46 g, 61%). *H NMR (500 MHz, CDCls): & (ppm) 4.56 (1H, m), 4.36 (1H, m),
4.13-4.30 (8H, m), 3.75-3.88 (1H, m), 3.43-3.51 (1.25H, m), 3.30 (0.25H, m), 3.22
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2.2.

(1.25H, m), 3.09 (0.25H, m), 2.83 (1H, m), 2.61 (1H, m), 1.36-1.41 (3H, m), 1.46-1.54
(3H, m). HRMS-ASAP" (m/z) calculated for C;7H2,FeOs3: 330.0919, found:
330.0909.1511 (M").

Intramolecular reactions were consistently problematic in many different attempts to
produce disubstituted ferrocenes. In theory it would always be best to design a
synthetic route in which the monofunctional intermediate cannot be attacked by itself
in an intramolecular fashion. This was attempted by introducing a leaving group onto
the ferrocene substituents and reacting with glycidol; however, these attempts were
unsuccessful (Figure 2-1).

Ferrocene Diamines

In light of our inability to produce a suitable diepoxide, we also pursued a diamine
derivative of ferrocene. However, undesirable intramolecular reactions were also
encountered in the diamine syntheses (Figure 2-3). This fact was, again, somewhat
surprising, as there are numerous prior reports of synthetic routes to diamine
derivatives of ferrocene that contain no mention of a propensity for intramolecular
reaction.?®*® For example, reductive amination, as described in detail below, led to an
intramolecular cyclization affording the cyclized secondary amine 3 in moderate yield.
The best result for a ferrocene diamine was obtained by treating an acetoxy derivative
with ammonium hydroxide to obtain FCDA (2, see below for full synthetic details);
however, intramolecular cyclization and polymerization still affords a product with
relatively low purity (~ 85 — 92%). The reaction is somewhat heterogeneous due to the
limited solubility of the acetoxy derivative in ammonium hydroxide, as well as the
need for a large excess of ammonium hydroxide in order to avoid polymerization and
cyclization. Additional purification of FCDA on silica gel was unsuccessful, as the
material seemed to decompose (thin-layer chromatography showed low retention
factor streaks even in polar solvents).

20
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1,1°-(iminodiethylidene)-ferrocene (3). To a dry 2 L round bottom flask was added
1,1’-diacetylferrocene (75.0 g, 276 mmol), ammonium acetate (500 g, 6.5 mol), and
anhydrous methanol (700 mL). The solution was warmed to 60 °C and sodium
cyanoborohydride (50.0 g, 800 mmol) was added in portions over 10 min. After
stirring at 60 °C for 48 hr the mixture was cooled to room temperature and slowly
poured into saturated NaHCOg3 (ag, 800 mL). The aqueous layer was extracted with
dichloromethane (3 x 300 mL) and the combined organic fractions were washed with
saturated NaHCO3 (ag, 1 x 200 mL). The organic layer was then dried with MgSOQ,,
filtered, and concentrated under vacuum. To this crude residue was added HCI (2M,
800 mL), and the mixture was allowed to stir for 1 hr. [CAUTION! The addition of
acid to residual cyanoborohydride forms highly poisonous hydrogen cyanide gas.
This step should be done slowly in a fume hood and all subsequent waste should
be handled properly.] The dihydrochloride salt precipitated as a yellow powder and
was collected on a Buchner funnel and washed with H,O (200 mL). The
dihydrochloride salt was then slowly added to a stirring solution of KOH (2M, 500
mL), which led to the precipitation of the neutral amine product. The orange solid was
collected on a Buchner funnel, washed with H,O (400 mL) and dried under vacuum to
afford the pure product as an orange powder (31.7 g, 42%).
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1,1'-(ferrocene-1,1'-diyl)bis(ethan-1-acetoxy). To a dry 25 mL 3-neck round bottom
flask was added ferrocenebis(ethan-1-ol) (3.0 g, 10.9 mmol) and 4-
dimethylaminopyridine (13 mg, 0.11 mmol) under a flow of N,. Anhydrous
dichloromethane (60 mL) and triethylamine (3.2 mL) were added via syringe. The
solution was stirred at room temperature and acetic acid (2.4 g, 23.0 mmol) was added
dropwise via syringe over 30 min. The reaction was stirred at room temperature for 16
hr and then poured into a separatory funnel. The organic phase was washed with
saturated NaHCO3 (aq, 2 x 30 mL) and brine (1 x 30 mL), dried with MgSQy,, filtered
and concentrated under vacuum to afford the pure product as a viscous oil (3.65 g,
93%, sometimes solidified over long periods of time). *H NMR (500 MHz, CDCls): &
(ppm) 5.8 (2H, m), 4.25 (2H, m), 4.19 (2H, m), 4.14 (4H, m), 2.05 (6H, s), 1.55 (6H,
m).

1,1°-bis(a-aminoethyl)ferrocene (FCDA, 2). A solution of dimethylformamide (110
mL) and ammonium hydroxide (30-33% in H,O) was prepared in a 1 L flask equipped
with stir bar and addition funnel. The solution was warmed to 50 °C with stirring, and
a solution of 1,1'-(ferrocene-1,1'-diyl)bis(ethan-1-acetoxy) (16.8 g, 46.9 mmol) in 200
mL dimethylformamide was added dropwise over a period of 1 hr. The reaction was
stirred at 50 °C for an additional 2 hr, then cooled to room temperature and poured
into a 2 L Erlenmeyer flask. The mixture was acidified to pH = 0 by addition of 50%
HCI and then added to a separatory funnel. The aqueous layer was washed with
dichloromethane (3 x 150 mL) and then poured into another 2 L Erlenmeyer flask and
basified to pH = 13 by addition of solid NaOH. This mixture was returned to the
separatory funnel and extracted with dichloromethane (3 x 200 mL). The combined
organic fractions were then washed with H,O (4 x 200 mL) and brine (1 x 200 mL).
The organic phase was then dried with MgSO, and concentrated under vacuum to
afford the crude product as a mixture of brown oil and orange precipitate. Some of the
precipitate could be removed by addition of dichloromethane/hexanes (1:1) and
filtration. Yield: 6.5 g, 51%. *H NMR (500 MHz, CDCls): & (ppm) 4.10-4.17 (8H, m),
3.80 (2H, m), 1.64 (4H, br), 1.35 (6H, d, J = 7 Hz). **C NMR (500 MHz, CDCl5): &
(ppm) 25.1, 46.0, 66.0, 67.8, 96.6. Elemental analysis: calculated for C,4H20FeNy: C,
61.78; H, 7.41; Fe, 20.52; N, 10.29. Found: C, 62.12; H, 7.23; Fe, 19.4; N, 9.35.

The best purity for 2 obtained using the above procedure was 90-92%, as assessed by
solution *H and **C NMR spectroscopy (Figure 2-4 and Figure 2-5). Expected
impurities include oligomers and cyclized compounds, including 3 (Figure 2-6 and
Figure 2-7). At the last step of the procedure, a precipitate can be removed from the
crude mixture. Typically, the *H NMR spectra of the crude mixture, the isolated
precipitate, and the filtrate are essentially identical. This suggests that the precipitate is
a crystalline stereoisomer of the product. It may be possible to skip the
precipitation/filtration step and use the crude oil/powder mixture without loss of
performance. It is also worth noting that the **C NMR spectrum contains additional
peaks than those listed in the characterization above, but the additional peaks are not
distinguishable within the typically reported tenth decimal place. The extra peaks are
likely due to stereoisomers. Fluxional dynamics between different configurations,
most notably in the aminoethyl side chain, are observable in the low temperature
solution 13C NMR shown in Figure 2-8. At —50 °C, there are multiple similar
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resonances observed in FCDA that are not observed in the monoamine 3. As the
temperature increases there is dynamic interchange between these different
configurations in FcDA. These dynamics lead to a single, motionally-averaged *C
NMR resonance for that carbon environment. This motional averaging is not seen in 3
since the bridging amine prevents any fluxional motion of the Cp ring.

T
1 [ppm]

Chemical Shift (ppm)

Figure 2-4. 'H NMR spectrum of FcDA (2).
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Figure 2-5. 3C NMR spectrum of FcDA (2).
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Figure 2-8. Variable temperature solution **C NMR of FcDA compared to
cyclic monoamine 3.

Ferrocene Diacrylates

We also briefly attempted to synthesize a diacrylate derivative of ferrocene. In theory,
such a compound could be polymerized into a thermoset material with a small amount
of free radical initiator. Radical-based systems are chain-growth polymerizations,
yielding substantially different network structures than step-growth polymerizations
(e.g., epoxy-amine systems), with significant implications for residual stress and stress
relaxation among other important characteristics. Hence, a ferrocene diacrylate would
provide an ideal thermoset system by which to compare the ferrocene-based material
described in Chapter 3.

The synthetic procedure described below gave a seemingly pure product after simple
work-up, isolated as a relatively low viscosity oil. After several days, the product
became more viscous and exhibits behavior suggesting of premature polymerization,
although the NMR spectrum (Figure 2-8) remains similar to that of the initial product.
This issue may potentially be circumvented through the addition of a radical scavenger
or by conducting the synthesis in stabilized tetrahydrofuran to incorporate residual
inhibitor into the product. Such modifications have not yet been attempted.
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Figure 2-9. Chemical structure and *H NMR spectrum of 1,1’-
ferrocenebis(ethane-1,1-diyl) diacrylate.

1,1°-ferrocenebis(ethane-1,1-diyl) diacrylate. To a dry 250 mL 3-neck round bottom
flask was added 1,1’-ferrocenbis(ethan-1-ol) (3.0 g, 10.9 mmol) under a flow of N,.
Anhydrous dichloromethane (75 mL) and anhydrous triethyl amine (12 mL) were then
added via syringe and the solution was cooled to 0 °C. Acryloyl chloride (3.56 mL,
43.8 mmol) was added dropwise via syringe and the reaction was slowly warmed to
room temperature and stirred for 16 hr. The mixture was filtered and then washed in a
separatory funnel with 0.5 M KOH (aq, 2 x 100 mL) and brine (2 x 100 mL). The
organic layer was then dried with MgSQO, and concentrated to afford the product as a
viscous orange/brown oil (3.35 g, 80%). *H NMR (500 MHz, CDCls): & (ppm) 6.41-
6.49 (2H, ddd, J = 17.5, 2.5, 1.5 Hz), 6.10-6.17 (2H, dg, J = 17.5, 5.5 Hz), 5.89-5.91
(2H, m), 10.5, 1.5 Hz), 4.27 (2H, m), 4.22 (2H, m), 4.15 (4H, m), 1.58 (6H, d, J = 10.5
Hz).
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3.1.

STRESS RELAXATION IN EPOXY THERMOSETS VIA A
FERROCENE-BASED AMINE CURING AGENT

From the synthetic work described in Chapter 2, FcDA emerged as the only reactive,
disubstituted ferrocene derivative that we could reliable produce at a purity and scale
suitable for further study. Therefore, we chose to investigate its behavior as a curing
agent for a commercial DGEBA resin and to compare it to a series of conventional
diamine curing agents (Figure 3-1) with a specific emphasis on residual cure stress and
stress relaxation. The information presented herein provides a comprehensive
illustration of the similarities and differences between our unique, ferrocene-based
thermoset and more traditional materials.

Background

First, it is important to frame this work in the context of other historical approaches to
stress reduction in highly crosslinked polymers. Early efforts to reduce and eliminate
cure stress in thermosets involved copolymerization of traditional monomers with
ring-opening compounds, such as spiro ortho-esters.***® Ring-opening reactions of the
corresponding moieties within the polymer network were then used to offset cure
shrinkage. More recently, a significantly more robust approach has been widely
investigated, based on reversible crosslinks.>*®* The presence of dynamic, covalent
bonds in crosslinked polymers — so-called CANs — enables terminal-like viscoelastic
behavior, as molecular rearrangement can be accommodated through the transient
characteristics of these bonds. Such materials are able to fully relax stress at elevated
temperature and can be self-healed, welded, or otherwise reprocessed, yet they exhibit
many of the desirable chemical and mechanical traits of traditional thermosets,
provided that the concentration of transient species is appropriately controlled. This
extraordinary behavior has been demonstrated across a diverse set of lightly to highly
crosslinked polymers, including thiol-enes,** thiol-ynes,** poly(acrylate)s, *#>
epoxies, ©472053°4 noly(diene)s,***% poly(lactide)s,”® poly(urethane)s and related
materials,*>°%°"% poly(triazole)s,”® and even deoxyribonucleic acid-based networks.*
The covalent adaptable functionalities of these materials exploit addition-
fragmentation chain transfer,*0443444651 transesterification,*>*"**>*>%1 Djels-
Alder,>*®* oxetane ring-opening,** metathesis,* disulfide-disulfide,*® thiol-disulfide,*
transcarbamoylation,”” transamination,®® or transalkylation®® reactions. CANs are
further distinguished by whether these reactions preserve the crosslink density of the
network (commonly referred to as vitrimers), which has important implications for its
rheological properties.

Although the terminal-like viscoelastic behavior exhibited by CANs imparts several
advantageous characteristics atypical of thermoset materials (e.g., self-healing), a
critical implication is that CANs flow at long times and/or elevated temperature. This
fact will render CANs wholly unsuitable for many traditional applications of
thermosets, particularly those requiring consistent performance over long lifetimes, as
is typically the case for NWSs. Through our approach, stress relaxation can be
significantly enhanced in a highly crosslinked polymer containing only permanent
crosslinks, i.e., devoid of the transient bonds that lead to terminal behavior.
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3.2.

3.2.1.

3.2.2.

A large number of polymers have been synthesized containing ferrocene and other
organometallic sandwich moieties incorporated along the polymer backbone, as
highlighted in several reviews.®>®” Kulbaba, et al., prepared linear
poly(ferrocenylsilane)s with selective deuterium labeling of the Cp ligands and used
’H NMR sg)ectroscopy to show that rapid Cp rotation, or torsional flexing, occurs
above Tg % In light of this fact, we were encouraged that Cp rotation could be
exploited in crosslinked ferrocene-containing materials above T4. Although the
topological constraints imposed by permanent crosslinks impede large-scale segmental
motion (i.e., reptation), stress can still be relaxed via diffusion of network defects
(e.g., chain ends).

44

OH Jg.13
diglycidyl ether of bisphenol A
(828)

|
Fe
| +(\ /]’\r
H,N

; Jeffamine® D-230 methylenedlanllme

1,1’-bis(a-aminoethyl)ferrocene (D 230) (MDA)
(FcDA)

isophorone dlamlne
(IPD)

Figure 3-1. Epoxy resin and curing agents studied in this work.

Experimental Methods

Materials

EPON 828, a DGEBA of number-average molecular weight 377 g/mol, was obtained
from Momentive Performance Materials (Waterford, NY). D-230, a polyether diamine
of number-average molecular weight 230 g/mol, was obtained from Huntsman
Corporation (The Woodlands, TX). MDA and IPD were obtained from Sigma-Aldrich
(Saint Louis, MO). The epoxy resin and curing agents were used without further
purification. FCDA was synthesized as described in Section 2.2.

Thermoset Preparation

Thermosets were prepared by blending 828 resin and the desired curing agent such
that the epoxy and amine reactive, functional groups were present in equimolar
amounts, based on the theoretical molecular weight of the constituents. This condition
corresponds to mass compositions (i.e., g curing agent/g 828) of 0.305, 0.263, 0.226,
and 0.361 for D-230, MDA, IPD, and FcDA, respectively. For D-230, IPD, and
FcDA, a stoichiometrically-balanced amount of 828 and curing agent was mixed by
hand at room temperature. For MDA, mixing was performed at 100 °C. To prepare
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3.2.3.

3.2.4.

fully cured specimens using D-230 and FcDA, the mixtures were cured overnight at
room temperature, followed by a 2 hr post-cure at 120 °C or 140 °C, respectively.
Using IPD, the mixture was cured overnight at 80 °C, followed by a 1 hr post-cure at
180 °C. Using MDA, the mixture was cured overnight at 100 °C, followed by a 1 hr
post-cure at 200 °C. The post-cure temperatures were selected to be ca. 20-25 °C
above Ty (Table 3-1) of the fully cured materials.

Table 3-1. Key properties of 828 cured with diamine curing agents under
isothermal conditions.

Curing Agent FcDA D-230 MDA IPD

T,.. (°CP 113 90 180 155
T (°C)° 70 90 11050 70 90 | 9 110 130 | 70 90 110
o 0.89 0.94 095|0.88 096 0.99]10.88 0.92 0.9710.83 0.89 0.96
v, (mol/kg)¢ 19 24 25|17 26 29|17 22 28|13 19 27
tee (hr)° 0.75 031 0.14|40 13 045]|0.79 0.38 0.20]0.51 0.25 0.10
&y (%)f 08 12 18 |049 15 21|10 12 1.7 |091 15 1.8
G{ (MPa)s 680 130 15 | 530 400 12 | 560 530 320|580 530 470

a Ultimate glass transition temperature at full cure

b |sothermal cure temperature

¢ Final epoxy conversion

d Calculated concentration of elastically effective strands at final conversion
¢ Gel time

fVolumetric shrinkage from gelation to final conversion

& Dynamic shear modulus at final conversion

FTIR Spectroscopy

Near-IR spectroscopy was performed using a custom temperature-controlled vial
holder transmission accessory with a Bruker Equinox 55 FTIR spectrometer for
isothermal cure monitoring studies. A mixture of 828 and curing agent was dispensed
into a 2.2 mm diameter vial and placed in the transmission accessory at a pre-set
temperature. IR spectra were acquired sequentially by averaging eight scans (~13.7
seconds) between 8000-4000 cm " at 4 cm ™' resolution. Spectra were normalized to
the peak height at 6060 cm ™' (C—H stretch overtone) to correct for physical NIR
scattering effects. Epoxy consumption was quantified by determining the integrated
area of the 4528 cm ' band (combination band of epoxy ring stretch overtone and
fundamental C—H stretch) from minima to minima between 4560-4497 cm™'. Epoxy
conversion was computed by normalizing the 4528 cm™' band area relative to an initial
spectrum and a spectrum of material fully cured above Tg..

DSC

DSC was performed using a TA Instruments (New Castle, DE) Q200 calorimeter.
Analyzed samples comprised 5-15 mg material loaded in an aluminum pan. Analyses
were performed under 10 mL/min nitrogen flow.
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3.2.5.

3.2.6.

3.2.7.

3.2.8.

TGA

TGA was performed using a TA Instruments Q500 analyzer. Analyzed samples
comprised 5-15 mg material loaded in a platinum pan. Analyses were performed under
90 mL/min nitrogen flow.

DMA

DMA was performed using a TA Instruments ARES AR-G2 rheometer. Fully cured
rectangular specimens of approximate dimensions 3.5 cm length x 1.3 cm width x 0.2
cm thickness were prepared using a silicone mold. The temperature dependence of G’
and G" were measured in torsion at 1 Hz frequency and 5 °C/min ramp rate. The
maximum strain amplitude was 1% and was automatically reduced to maintain torque
values within transducer limits. T4 values for the fully cured materials (Table 3-1)
were taken as the temperature at which the loss tangent (G”/G’) achieved its maximum
value. In addition, the time dependence of the dynamic shear moduli was also
measured during cure. In such cases, a parallel plate fixture was used with 8 mm
diameter disposable aluminum plates and a 2 mm gap. The desired mixture of 828 and
curing agent was loaded into the gap and the temperature was raised to the desired
cure temperature. The dynamic shear moduli were measured under 1 Hz frequency
and 0.1% initial strain amplitude. Due to the substantial change in G’ and G” during
cure, the strain amplitude was automatically reduced during the test to maintain torque
values within transducer limits. Similarly, to accommodate the shrinkage that occurs
during cure, the gap was automatically reduced during the test to maintain negligible
axial force on the transducer.

Stress Relaxation

Stress relaxation tests were performed using two different deformation modes.
Uniaxial tension was applied under flowing nitrogen using a TA Instruments Q800
dynamic mechanical analyzer. Torsional deformation was applied under flowing air
using an ARES AR-G2 rheometer. For these tests, the same rectangular specimens
described above were used. For both deformation modes, specimens were loaded into
the test fixture and equilibrated for 30 min at the desired temperature, after which the
desired strain step was applied. The corresponding tensile or shear moduli were
monitored isothermally as a function of time.

Cure Stress

The stress build-up during cure of the thermosets was evaluated using a custom-built
fixture (Figure 3-2). The fixture consisted of a fixed aluminum base plate and a
movable aluminum upper plate. An Interface (Scottsdale, AZ) SSM-FDH, sealed, S-
type, high-temperature load cell was affixed to the movable plate, and a 0.25 in
diameter brass pin with a flat end was affixed to the load cell. A wide brass screw with
a flat surface was attached to the base plate. Both surfaces of the upper pin and base
screw were coarsely sanded prior to each test to ensure good adhesion. The gap
between the upper pin and the base screw was set to 1 mm and the desired mixture of
828 and curing agent was loaded into the gap. The fixture was then heated to the
desired cure temperature and the force exerted on the load cell was monitored over
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3.2.9.

3.3.

time. An effective stress is reported as this force divided by the cross-sectional area of
the upper pin. All reported stress build-up curves are an average of three duplicate
measurements.

Upper mounting plate
adjustable height E 3
s 3 Upper sample pin

Load cell

Curing sample
Interface Inc. type SSM-FDH

Base sample screw

Base mounting plate

Figure 3-2. Fixture used to evaluate stress build-up during thermoset
cure.

Mechanical Properties

The tensile and compressive properties of fully cured specimens were evaluated at
room temperature using an Instron (Norwood, MA) 5900 Series Universal Testing
Machine. For tensile tests, dog-bone specimens were fabricated according to ASTM
standard D638 (Type V specimen dimensions) using a silicone mold. Uniaxial tension
was applied with a crosshead speed of 1 mm/min. The strain was measured via an
extensometer attached to the gage length of the specimen. Tensile properties are
reported as an average of six specimens. For compression tests, cube specimens of
approximate size 0.25 in were cut from rectangular bars prepared using a silicone
mold. Uniaxial compression was applied using a sub-press and a crosshead speed of
0.5 mm/min. The strain was measured via an extensometer attached to the
compression platens of the sub-press. Compressive properties are reported as an
average of a minimum of ten specimens.

Results and Discussion

The kinetics of the curing reaction of 828 with the curing agents listed in Figure 3-1
were evaluated by FTIR spectroscopy. Figure 3-3 compares the conversion of epoxy
functional groups over time during isothermal cure with FcDA or D-230 as curing
agent at 70 °C, 90 °C, and 110 °C. The conversion values were obtained by
monitoring the decrease in the characteristic absorbance at ~ 4528 cm ™' (Figure 3-4),
commonly assigned as a combination band involving epoxy ring stretching.”* From
Figure 3-3, it is apparent that FCDA and D-230 give similar cure kinetics, which is
unsurprising considering that both compounds possess identical a-aminoethyl
functionalities (Figure 3-1). The conversion profiles are typical of thermally-activated,
autocatalytic epoxy-amine reactions, with rate constants exhibiting Arrhenius
temperature dependence. In particular, the measured E, for 828 cured with FCDA is 56
kJ/mol, in reasonable agreement with typical reactions of epoxies and aliphatic amines
(Figure 3-5).”” The FTIR spectra indicated approximately 5% residual epoxy upon
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complete consumption of the primary and secondary amine of FCDA (Figure 3-4). We
attribute this discrepancy to non-reactive impurities in the FCDA. It is important to
note, however, that increasing the FCDA content in the reactive mixture above the
theoretical value for stoichiometric balance, in order to compensate for this
discrepancy, produced a negligible effect on the glass transition (Figure 3-6). The final
conversion of epoxy groups is listed in Table 3-1 at several cure temperatures for each
curing agent. Using the method described by Charlesworth,” we have estimated the
final concentration of elastically effective strands in the network at each cure
temperature, also listed in Table 3-1. Despite 5% residual epoxy, the FCDA system
reaches crosslink densities comparable to the conventional systems at the cure
temperatures studied. Therefore, we believe the data presented hereafter are
representative of a high crosslink density for this particular combination of resin and
curing agent.

1.0 -
0.8 1
0.6 1
0.4 1
0.2 1
0.0 1

Epoxy Conversion

0.001 0.01 0.1 1 10 100
Time (hr)

Figure 3-3. Isothermal cure kinetics of 828 cured with FcDA (solid) and D-
230 (dotted), as assessed by FTIR spectroscopy.
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Figure 3-5. (a) Epoxy FTIR band area over time during isothermal cure of
828 with FcDA with horizontal shift factors applied. (b) Corresponding
temperature dependence of the shift factors.
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Figure 3-6. DSC heating traces (20 °C/min ramp rate) of 828 fully cured
with FcDA at (solid) 0.361 g FcDA/1 g 828 and (dotted) 0.381 g FcDA/1 g
828.

Similarly, the dynamic shear moduli G’ and G” of 828 cured with FcDA evolve during
cure in a manner consistent with step-growth thermoset polymerizations. As shown in
Figure 3-7, gelation is characterized by a sudden increase in G, indicating the
formation of an effectively infinite network with significant elastic character. The gel
times measured by this method are provided in Table 3-1. The time to reach the gel
point for 828 cured with FCDA at 70 °C is approximately 0.75 hr; by comparison with
the conversion kinetics (Figure 3-3), we observe that the conversion at the gel point is
approximately 0.56. This value is consistent with the theoretical value of 0.58 for a
difunctional resin reacted with a stoichiometric equivalence of tetrafunctional curing
agent.” For the cure temperatures used in Figure 3-7, cure is effectively arrested by
vitrification of the sample, as T, (Table 3-1) is greater than the cure temperature. At
70 °C, the material vitrifies deeply during cure, with G’ reaching several hundred MPa
and a well-defined maximum evident in G”. At 110 °C, G’ increases gradually at long
times, reaching only ~ 10 MPa after 4 hr, while G” exhibits no well-defined
maximum, suggestive of a material straddling the glassy and rubbery regimes. Table
3-1 further lists the final value of G’ at each cure temperature and curing agent studied.
All systems in Table 3-1, cured below their T,., show a monotonic decrease in
modulus with increasing temperature. This behavior is consistent with shallower
vitrification at higher cure temperatures, with the specific final value of G’ attained
being dictated by the proximity of the cure temperature to Tg.
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Figure 3-7. (a) G’ (solid) and G" (dotted) measured during isothermal
cure of 828 with FcDA. (b) Corresponding change in gap required to
maintain zero axial force during cure.

The measurement of dynamic shear moduli during cure additionally provides the
opportunity to evaluate the cure shrinkage of these materials. After gelation, cure
shrinkage while confined between parallel plates is manifested by a build-up of stress
in the material, which can be observed via the axial force exerted on the test fixture. If
the gap is continually adjusted so as to accommodate cure shrinkage and maintain the
material in a stress-free state (i.e., zero axial force), then shrinkage can be evaluated
from a measurement of the gap (h). This approach has been previously employed for
epoxy thermosets, where a linear correlation between shrinkage and conversion was
observed.”" Figure 3-7b shows the corresponding change in gap for 828 cured with
FcDA. The ultimate change in gap at the end of cure is used to calculate the
volumetric shrinkage according to ey = [1 + Ah/3hy]® — 1. It is important to note
that this approach yields only the shrinkage from gelation to final conversion, not the
total shrinkage over the entire duration of cure. The volumetric shrinkage for each
system is listed in Table 3-1. Unsurprisingly, the measured cure shrinkage increases
with increasing cure temperature, consistent with the greater extents of conversion
reached at higher temperatures.

We further sought to characterize stress build-up during isothermal cure of 828 with
FcDA and to compare FcDA to the traditional curing agents in this regard. Initially,
we attempted to modify the above-mentioned approach, monitoring the evolution of
axial force while maintaining a constant gap. However, we discovered that the axial
force frequently exceeded the transducer limit for our instrument, even despite the
small diameter (8 mm) of the plates. Consequently, we developed a simple, custom
fixture designed to perform an analogous measurement. This fixture, inspired by a
number of similar fixtures used to evaluate cure stress in UV-cured thermosets,®®3
effectively consists of a parallel plate geometry in which a high-temperature load cell
provides the same axial force measurement (Figure 3-2).

In Figure 3-8, we examine a series of stress build-up curves for isothermal cure of 828
with FcDA, D-230, MDA, or IPD. The particular curves shown correspond to the cure
temperatures listed in Table 3-1, which were selected because they constitute the
highest temperatures at which the measurement fixture could equilibrate to within 2
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°C of its ultimate temperature prior to gelation of the sample (Figure 3-9). As with the
measurement of dynamic shear moduli, gelation in these measurements is clearly
evident from the onset of stress build-up. By comparison of Figure 3-7 and Figure 3-8,
we see that the time to reach the gel point for 828 cured with FCDA is relatively
consistent across both measurements. The slightly longer gel times observed in the
stress build-up curves reflect the comparatively slow thermal equilibration of the test
fixture.
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Figure 3-8. Stress build-up during isothermal cure of 828 with (a) FCDA,
(b) D-230, (c) MDA, and (d) IPD.
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Figure 3-9. Thermal equilibration of cure stress fixture during
measurement of stress build-up of 828 cured with (a) FcDA, (b) D-230, (c)
MDA, and (d) IPD.

From the simplest perspective, the stress build-up after gelation will be dictated by the
shrinkage, as well as the corresponding modulus evolution. Shrinkage stems from the
conversion of functional groups and the consequent substitution of van der Waal’s
interactions by covalent bonds. As Table 3-1 indicates, all four systems shown in
Figure 3-8 experience similar shrinkage from gel to final conversion at the cure
temperatures studied. To reiterate, these cure temperatures are at or below Tg.. In this
regime, the stress build-up of 828 cured with the traditional curing agents (D-230,
MDA, or IPD) exhibits a distinct trend towards higher values at higher cure
temperatures. We believe this is primarily driven by shrinkage, as we have noted that
functional group conversion, hence shrinkage, can progress to greater extents before
cure is effectively arrested by vitrification. Indeed, similar observations have been
made in previous work.2* On the other hand, the stress build-up of 828 cured with
FcDA shows the opposite trend, wherein higher cure temperatures result in lower
stress values. For example, the stress after 4 hr of cure is ~ 25% lower when cured at
110 °C versus 70 °C. As a result, the overall stress build-up of 828 cured with FCDA is
significantly reduced relative to the traditional curing agents. At the highest cure
temperature for each data set, the final stress is 0.13 MPa with FcDA, as compared to
0.20 MPa, 0.23 MPa, and 0.16 MPa with D-230, MDA, and IPD, respectively.
Although the proximity of the cure temperatures to T, varies among the four systems,
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Table 3-1 shows that the FCDA system achieves similar conversions, crosslink
densities, and shrinkage values as the traditional systems, thus the temperature
dependence of stress build-up cannot be ascribed to these factors. In addition, we have
measured the stress build-up for slightly modified formulations of 828 and D-230
(Figure 3-10) — one stoichiometrically balanced, but containing 5% DMSO as an
impurity, and one stoichiometrically imbalanced with 5% excess epoxy groups via
partial replacement of D-230 with DMSO. In Figure 3-10, the former and latter are
demarcated by the medium lines and thin lines, respectively; the data for a
stoichiometrically balanced mixture in the absence of DMSO are demarcated by the
thick lines. While these modifications produce lower stress levels, the overall trend
clearly remains the same. Therefore, the temperature dependence of stress build-up
with FCcDA cannot simply be ascribed to the 5% residual epoxy that we have
previously noted.

0.3
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Figure 3-10. Stress build-up during isothermal cure of 828 with D-230 and
with or without added DMSO.

Instead, we propose that the peculiar temperature dependence of stress build-up in 828
cured with FcDA is fundamentally connected to enhanced stress relaxation behavior
imparted by the fluxional ferrocene units. Figure 3-11 compares the tensile relaxation
of 828 fully cured with different curing agents. Each relaxation curve was measured
under 1% strain at 25 °C above Ty (i.e., at 138 °C, 115 °C, 205 °C, and 180 °C for
FcDA, D-230, MDA, and IPD, respectively). The traditional curing agents yield
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behavior that is expected for highly crosslinked materials, namely, there is negligible
relaxation. In contrast, 828\FCDA relaxes a substantial portion of the imposed stress.
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Figure 3-11. Time-dependent tensile relaxation modulus of 828 fully
cured with FcDA, as compared to 828 fully cured with D-230, MDA, and
IPD.

This phenomenon appears to be a physical relaxation process, and can be readily
distinguished from chemical relaxation processes exhibited by networks containing
transient bonds — specifically, CANs>*** or thermosets that exhibit stress relaxation
via degradative pathways.?> Figure 3-12 compares the tensile relaxation modulus of
828\FcDA at several different temperatures above Tg. Here, it is important to note that
all relaxation curves for 828\FcDA were measured after annealing at 175 °C under
nitrogen for 24 hr. Without this annealing step, we observed poor reproducibility of
relaxation curves at higher temperatures, which we attribute to loss of non-reactive
impurities contributed by the raw FCDA material (Figure 3-13). This annealing step
causes a ca. 10-15 °C decrease in Ty, as indicated by the relative shift in the inflection
point of the DSC heat flow shown in Figure 3-14. The tensile relaxation in Figure 3-12
is characteristic of a physical process in that its time scale is relatively short, occurring
over seconds to minutes. Furthermore, the relaxation curves are well described by the
empirical relationship E(t) = E,[1 + (t/ty)™], first proposed by Chasset and
Thirion®” to describe the relaxation of vulcanized natural rubber. As an example, the
parameters E.,, 7o, and m obtained from fitting the 138 °C data are 3.8 MPa, 0.34 min,
and 0.22, respectively. At the highest temperature, 175 °C, there is significant
deviation between the experimental data and the fitting at longer times which is not

43



apparent from Figure 3-12, perhaps suggesting some contribution from chemical
relaxation. However, the stress relaxation measured under torsional deformation in air
IS quite similar to that measured under tensile deformation in nitrogen (Figure 3-15),
further corroborating the notion that this behavior is due to physical relaxation.
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Figure 3-12. Time-dependent tensile relaxation modulus of 828 fully
cured with FcDA at several temperatures above T.
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Figure 3-13. TGA of 828\FcDA annealed isothermally at 175 °C showing
loss of volatile impurities.
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Figure 3-14. DSC heating traces (20 °C/min ramp rate) of 828\FcDA (solid)
before and (dotted) after annealing at 175 °C.
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Figure 3-15. Relative stress during stress relaxation of 828\FcDA,
measured under tensile deformation in nitrogen and under torsional
deformation in air.

The unique stress relaxation of 828 cured with FCDA is also apparent when examining
the temperature dependence of dynamic shear moduli. Figure 3-16 compares G’, G”,
and the loss tangent G"/G’ for 828\FcDA to 828\D-230, 828\MDA, and 828\IPD. As
mentioned previously, we have taken T to be the temperature at which the loss
tangent achieves its maximum value. This choice yields good agreement with
previously published T4 values for 828 cured with the traditional curing agents.
Yet again, the temperature dependence of G’ for 828\FCDA is consistent with a highly
crosslinked thermoset; the glass transition separates glassy and rubbery regimes
characterized by G’ values of ~ 1 GPa and several MPa, respectively. The rubbery
regime, however, is atypical in that it exhibits a gradual decrease in G’ with increasing
temperature, and does not fully plateau until 50+ °C above T. In contrast, the
traditional thermosets reach a well-defined plateau in G’ ca. 15 °C above Ty and
increases slightly with increasing temperature thereafter, as is normal for rubbers. At
25 °C above Ty, G’ is measured to be 6.6 MPa and 6.4 MPa for 828\FcDA and 828\D-
230, respectively. Crosslink densities are frequently estimated by using the classical
scaling G, ~ v, where G/’ is the rubbery plateau modulus and v is the concentration of
elastically effective strands, despite known deviations at extremely high crosslink
densities.”® Although the unique behavior of 828\FcDA makes estimating G,’ dubious,
these data certainly suggest that the materials possess similar crosslink densities.
Indeed, after extended immersion in acetone, the mass of 828\FcDA increased by 1.5
times, while the mass of 828\D-230 increased by 1.3 times.

73,88-90
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Figure 3-16. Temperature dependence of G’ (solid), G” (dotted), and loss
tangent (red) of (a) 828\FcDA, (b) 828\D-230, (c) 828\MDA, and (d) 828\IPD.

At the molecular level, stress relaxation in polymers deformed above their Ty arises
from bond rotations that locally reorient the polymer’s conformation in order to
accommodate the applied stress.”"% Naturally, each unique chemical bond in a
polymer possesses distinct energy barriers associated with such conformational
isomerization. In the absence of chain connectivity, the energy barrier to Cp rotation in
828\FcDA would be given bg/ 0.9-2.3 kcal/mol, i.e., the measured activation energy
for Cp rotation in ferrocene.”**® This is significantly less than the activation energy for
C-C bond rotation, which has been measured at 3-3.5 kcal/mol.®® However, the
integration of Cp units, or any chemical bond, into a polymeric chain causes any
individual rotation event to be restricted by the presence of neighboring bonds. The
corresponding energy barriers increase dramatically and stress relaxation is only
possible through cooperative and coordinated conformational isomerization among
many interconnected bonds. In an entangled, linear polymer, such segmental motion is
manifested as the well-known phenomenon of reptation. Crosslinks, though, represent
fixed, topological constraints that prevent segmental motion; hence, stress relaxation is
rapidly inhibited with increasing crosslink density. The prevailing notion is that stress
relaxation in crosslinked rubbers only occurs through segmental motion of free chain
ends and other network defects.®"%
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Our observations concerning 828 cured with FCDA do not necessarily conflict with the
accepted theories described above. Although we have attempted to use a
stoichiometrically balanced system, we have already noted unmistakable evidence of a
slight imbalance attributed to the purity of FCDA. This fact implies that a non-
negligible concentration of defects exists in the current 828\FcDA network that can
relax stress in fully cured samples. By the nature of the condensation polymerization
employed (as opposed to, for example, crosslinking of a preformed, high molecular
weight polymer), such defects should be short and unentangled, which is consistent
with the observed time scale of relaxation (Figure 3-12). Besides, as cure progresses
from gelation to vitrification or full cure, a monotonically decreasing fraction of chain
ends must exist that can relax stresses arising from shrinkage. It is important to note,
however, that the difference in stress relaxation between 828\FcDA and the traditional
systems cannot simply be attributed to the presence of network defects and\or non-
reactive impurities alone. Figure 3-17 illustrates the stress relaxation behavior of
828\D-230 with 5% residual epoxy from added DMSO impurity, in which it is readily
apparent that there is no profound difference relative to pure, stoichiometrically-
balanced 828\D-230, aside from small changes in Tg and G;'. Instead, we propose that
torsional flexing of the Cp rings®®"° of the FcDA curing agent (Figure 1-3)
dramatically enhances stress relaxation by facilitating chain end motion. In addition to
its comparatively low activation energy, Cp rotation offers the possibility for
reorientation of a chain segment within an effective 360° of 2-D space. The
contribution of Cp rotation to stress relaxation is apparently augmented with
increasing cure temperature, such that the stress due to cure with FCDA exhibits a
fundamentally different, advantageous dependence on cure temperature (Figure 3-8).
Furthermore, the effect of Cp rotation may be reflected in the broad, asymmetric peak
exhibited in the loss tangent (Figure 3-16). Previous work in radical-cured thermosets
has revealed that networks with heterogeneous distributions in chain mobility present
broad loss tangent peaks.*® In light of the narrow loss tangent peak observed in all
variations of 828\D-230 (Figure 3-16 and Figure 3-17), the broad decay in the loss
tangent of 828\FcDA above T suggests that the mobility of chain ends in the FCDA-
based network is quite atypical relative to traditional epoxy-amine networks. Indeed,

Cp rotation has been shown to occur in linear, ferrocene-based polymers only above
T .68-70
g
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Figure 3-17. (a) TGA and (b)-(d) stress relaxation behavior of 828\D-230
containing 5% added DMSO. Panel (a), yellow line in (b), and panel (c):
stoichiometrically-balanced w/ 5 wt, % added DMSO. Green line in (b)
and panel (d): stoichiometrically-imbalanced mixture with 5% D-230
substituted by DMSO.

To further highlight these propositions, we intentionally introduced additional defects
by adjusting stoichiometry. In Figure 3-18, we examine a series of stress build-up
curves during isothermal cure of an excess of 828 with FCDA or D-230. The parameter
r defines the initial concentration of amine hydrogens to epoxy groups. For D-230, as
r is decreased to 0.8 and to 0.67, the final stress level is ca. 25% and 10%,
respectively, of the final stress level with r = 1. Unsurprisingly, a similar decrease in
G/ of the fully cured material is observed (Figure 3-19). For FCDA, however, as r is
decreased to 0.8, the final stress level is ca. 6% of the final stress level with r = 1. Atr
= 0.67, the mixture exhibits no detectable stress within the resolution of the instrument
(~ 1 kPa), from which a final stress level < 0.6% relative to r = 1 is implied. Thus, the
introduction of defects into a FcDA-cured network produces an incredibly more
profound effect on cure stress than a D-230-cured network.
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Figure 3-18. Stress build-up during isothermal cure at 90 °C of 828 with
(a) FcDA and (b) D-230 using different compositions.
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Figure 3-19. Temperature dependence of G’ of 828\D-230 using a
composition of (black) r =1 and (red) r = 0.67.

Finally, we present the room-temperature mechanical properties of 828 fully cured
with FCDA in comparison to the traditional curing agents. Figure 3-20 shows the
stress-strain relationship of these materials in response to uniaxial tension.
Interestingly, 828\FcDA appears to be substantially more brittle than 828\MDA,
828\IPD, and, in particular, 828\D-230, which was the only material to consistently
yield in tension. This fact is further highlighted by Figure 3-21, where the average
strain at break of 828\FcDA is observed to be considerably less than 828\D-230.
Conversely, when brittle fracture is suppressed by applying uniaxial compression, the
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yield strengths of 828\FcDA, 828\MDA, and 828\IPD are all comparable and
considerably greater than the yield strength of 828\D-230.
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Figure 3-20. Representative stress-strain curves measured in uniaxial
tension at room temperature.
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Figure 3-21. Mechanical properties measured at room temperature. Error
bars represent one standard deviation.

Previous publications have examined the effect of curing agent structure on the
mechanical properties of epoxy thermosets, from which several general trends are
apparent.92 For example, an aliphatic amine-crosslinked epoxy was observed to
transition from brittle fracture to yield at ca. 60-70 °C below its T.'*" Since D-230
produces the lowest Ty value among the curing agents studied, this may explain, at
least in part, why 828\D-230 is the only material to consistently yield in tension. On
the other hand, however, curing agents with decreased chain flexibility have been
shown to produce materials exhibiting increased brittle character. Therefore, the
measured mechanical properties of 828\FcDA are suggestive of a rigid curing agent,
seemingly in conflict with its stress relaxation behavior. More precisely, however, the
macroscopic properties of epoxies in this regime are connected to a sub-T, relaxation
process (commonly referred to as the g-relaxation), which is suspected to be
associated with specific motion of certain components of the network.'*® Thus,
reconciliation of the room-temperature mechanical properties in the context of stress
relaxation above Ty will require additional characterization of sub-T, relaxation
processes, a subject discussed in more detail in Chapter 4.

Conclusions

In summary, we have shown that FCDA can be used to substantially reduce the stress
arising from cure of an epoxy resin. Traditional curing agents lead to increased cure
stress with increasing isothermal cure temperature, whereas the ferrocene-based curing
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agent exhibits reduced cure stress with increasing temperature. To reiterate, we
postulate that this phenomenon is fundamentally due to fluxional motion of the
ferrocene moieties — specifically, torsional flexing of interconnected Cp units — that
are integrated into the backbone of the polymer network. In support of this concept,
we have demonstrated that increasing the concentration of network defects, which are
the entities responsible for stress relaxation in rubbers, causes cure stress in the
ferrocene-based thermoset to rapidly vanish. Moreover, we have shown that the fully
cured material is capable of relaxing a significant fraction of applied stress above Ty,
in a manner that is clearly distinct from the traditional materials. Despite these benefits
to stress relaxation at elevated temperature, the ferrocene-based thermoset possesses
room-temperature stiffness and strength that are comparable to the traditional
materials, although it is also prone to brittle fracture.
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4.1.

SOLID STATE *H NMR INVESTIGATION OF DYNAMICS IN EPOXY
THERMOSETS

Although the results of Chapter 3 clearly show that thermosets derived from FCDA are
distinguished from traditional thermosets in the context of stress relaxation and
residual stress, it remains an open question as to whether such behavior truly arises
from torsional flexing or other fluxional motion of incorporated ferrocene units
(Figure 3-1). Therefore, we attempted to use solid state NMR spectroscopy to gain
further insight into the molecular dynamics of these epoxy thermosets. Line shape
analysis of static 'H NMR spectra as a function of temperature was used to monitor
the chain dynamics for the fully cured materials through Tg, allowing the measurement
of the associated E, values. Double quantum (DQ) *H NMR experiments were also
employed to measure the residual *H-"H residual dipolar coupling (RDC) well above
Ty Where there is an averaging of the segmental motions between crosslinks and
entanglements. The RDC is a measure of the bond order parameter (Sy), and is directly
proportional to the concentration of topological constraints, both crosslinks and
entanglements, or the relative flexibility of the polymer chain between adjacent
crosslinks. We also show that the thermosets produced with different curing agents
have inhomogeneous distributions of RDC (i.e., crosslink densities). These results are
discussed below in terms of possible fluxional stress relief mechanisms.

Experimental Methods

The solid state *H NMR spectra were obtained on a Bruker Avance 111 instrument
operating at an *H observe frequency of 400.14 MHz with a 7 mm high temperature
DOTY MAS probe used under static (non-spinning) conditions. The reported sample
temperature was calibrated using known melting points of secondary external standard
materials. The 1D *H NMR spectra were obtained using a Hahn echo pulse sequence
with an inter-pulse delay of 10 us, 16 scan averages, and a 5 s recycle delay for
temperatures ranging between —40 °C and +281 °C. The epoxy samples were allowed
to equilibrate 5 min at each temperature prior to acquisition. The temperature results
were scaled to the glass transition temperature T/Tq or various equivalent
representations as shown in equation 4-1.

T-Tg AT _ T

P (4-1)

The intensities for the DQ (1, ) and reference longitudinal magnetization (1, ) were

obtained using a standard 5-pulse sequence (Figure 4-1) during the DQ excitation and
reconversion period, with = refocusing pulses incorporated to reduce frequency offset
and chemical shift effects.****® The DQ buildup curves were obtained by measuring

the signal intensity as a function of the inter-pulse delay 7, . The evolution time t;

and the z-filter time z were fixed to 2 ps and 100 ps, respectively.
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Figure 4-1. Schematic representation of the 5-pulse NMR sequence used
for excitation and reconversion of the DQ NMR coherences. The DQ
buildup curves were obtained by varying rpq While keeping t; and r; fixed.

The DQ selection was obtained using a 4-step phase cycle of the carrier phase during
the excitation period combined with receiver phase inversion on alternating scans to
give I, while the reference intensity |, was measured using the same sequence

without the 4-step phase cycling. The Ipg includes signal from dipolar coupled protons
and all 4n+2 multiple quantum coherences, while I includes contributions from the
dipolar-encoded longitudinal magnetization plus signal from uncoupled isotropically
mobile fragments (i.e., chain ends). A normalized DQ intensity (I,pg) was defined as
detailed previously,*"*®

0o (4-2)

IDQ‘Href_Be_ZTDQ/T2

InDQ =

For temperatures significantly above (and below) T, the contributions from the
isotropic signal (B) is small with the normalization procedure (Egn. 4-1) being
effective and compensating for thermally induced motions and relaxation effects. Near
Tg, the contributions from these isotropic components become more apparent,
impacting the normalization procedure. This observation suggests that, near T, there
are slow motions on a time scale that interfere with the measurement of the RDC
(Dres). The initial rise of the normalized DQ intensity as a function of zpq were fit
using a second moment approximation:

2

1 2
InDQ(Dres) = 2 (1 —€ SDreSTDQ) (4'3)
where Dy is an apparent residual coupling corresponding to an average over multiple

'H-'H dipolar coupling within the thermoset material. With increasing temperature,
marked deviations from this inverted Gaussian were observed, suggesting that a
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4.2.

distribution of D was present. Assuming a Gaussian distribution, the DQ buildup
was analyzed using:

= 1 EEIgeST]%Q 4 o o -1/2
Iipq(Dres, op) = | 1 — exp R [1 + gGDfnq] (4-4)
where D, is the average residual dipolar coupling constant with standard deviation
op. For the FcDA-cured thermosets at temperatures above T, the normalized DQ
intensity buildups were very heterogeneous showing significant deviations from even
a Gaussian distribution. In this case, it was assumed that the buildups were described
by the bimodal model:

InDQ(Dlginglgg' f) = fInDQ(Dgg) + (1 - f)InDQ(Drggg) (4'5)

o)

res

D@

res?

where f and 1-f are the relative weights of the two domains with and

respectively.

The heterogeneous nature of the crosslinking was evaluated from the distribution in
D, (related to the bond order parameter Sp) as a function of temperature using the

program ftikreg, which is based on a fast Tikhonov regularization of the 1,pg buildups.
This regularization utilizes the Feldhome Integral equation:

g(TDQ) = fooo K[DresrTDQ]f(Dres)dDres (4-6)

where K[Dyes, Tng] is the Kernel utilized in this integral. We have employed the
empirical “Abragam-like” (A-1) Kernel for our transforms defined as:'*°

lpo(tpg: Dres) =3 (1= exp {—(0.378DreerQ)1'5}) c0s[0.583] DyesTng  (4-7)

Solid State *H NMR Line Shape Variation

The static *H NMR spectra as a function of temperature for 828\FcDA, 828\D-230,
and 828\MDA are shown in Figure 4-2. The high temperature limits correspond to
equivalent reduced temperatures of T/T4 ~ 1.2. Here, as with the mechanical analysis
and stress relaxation presented in Chapter 3, the 828\FcDA was annealed at 175 °C
under nitrogen for 24 hr to remove unreacted impurities (Figure 3-13). The annealed
material is indicated by the post cure label; however, the *H NMR spectra for the
material prior to annealing is similar and is shown in Figure 4-3. All of the thermosets
show a very broad NMR resonance with a full width at half maximum (FWHM) line
width of ~ 37 to 50 kHz at low temperature resulting from the significant homonuclear
'H-'H dipolar coupling present in these rigid materials. With increasing temperature
below Tg, the line widths gradually become narrower as different polymer motions
(various S relaxation modes) begin to partially average the *H-'H dipolar coupling.
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Figure 4-2. Static *H NMR spectra of fully cured thermosets as a function
of temperature.
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Figure 4-3. Static *H NMR spectra of fully cured 828\FcDA thermoset
prior to annealing.

The most dramatic change in the line widths occurs at Ty due to a sudden increase in
the chain dynamics (a relaxation) to produce a highly motionally averaged line shape
at high temperatures. This line width change can be fit to obtain an estimate of Ty and
the width of the glass transition. More specifically, the line width variation with
temperature W;(T) was fit with a 4-parameter sigmoid function as follows:
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, WiII
Wi(T) = W) + —— == (4-8)

1+exp|— B

where Ty is defined as the mid-point of this transition, W;’ is the low temperature line
width, W;" is the line width change during the transition, and 1/b is the rate of
temperature-induced change occurring at Ty. We have chosen line width limits near Ty
to separate this transition from the other g relaxation-induced line width changes
occurring with temperature. The various fits for the different thermosets are shown in
Figure 4-4, while the fitting results are given in Table 4-1. From Table 4-1, the Ty
values determined by this method are found to be consistently greater than those
determined by DMA (Section 3.2.6). Interestingly, the reduction in T4 observed by
DMA after annealing of 828\FcDA is not mirrored in the NMR results. It is unclear
whether this discrepancy is simply a product of inherent error associated with the
determination of T4 by both methods, or whether it reflects physical changes in the
material to which mechanical measurements are more sensitive.
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Figure 4-4. Static *H NMR line width vs. temperature for fully cured
thermosets with 4-parameter Sigmoid fits used to estimate Tg.

Table 4-1. T4 and E, values estimated from static 'H NMR line width

fitting.
Thermoset | T;DMA (C) | T, NMR (C)* | b* | E, (kdJ/mol)® | E;’ (kJ/mol)°
828\MDA 180 182 -11.1 335 2.8
828\D-230 90 106 -9.6 62.1 2.9
828\FcDA 125 137 -13.8 35.3 1.8
?sggicu?g 113 138 156| 274 20

*From fitting according to Eqn. 4-6. "Activation energy for the Ty (a) transition.
‘Activation energy for the low temperature (P relaxation) line width variation.
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It is well established that polymer segmental relaxations should scale with reduced
temperature T/T, or the equivalent representations of Eqn. 4-1."2%%? The variation in
line width with temperature offset (T-Ty) and with reduced temperature (AT/Tg) are
shown in Figure 4-5. The line widths for the different materials show similar overall
trends, but do reveal distinct differences in the impact of local segmental motions on
averaging of the dipolar coupling both below and above T4. 828\D-230 reveals the
highest rigidity in local segmental motions at lower temperatures, as indicated by the
largest line widths. In contrast, 828\MDA shows the presence of significant segmental
motion at lower temperatures, even though the material has the highest T, (Table 4-1).
A somewhat tenuous parallel can be drawn between these data and the room
temperature mechanical properties discussed in Figure 3-21. Boye, et al., have
previously examined MDA-cured DGEBA of varying stoichiometry and shown that
increased modulus is accompanied by a suppression of the f relaxation, assessed in
their case by thermally stimulated creep recovery.™ This suppression is, in effect, a
freezing out of segmental dynamics over the associated temperature range. In light of
such information, it is reassuring then to note that both the moduli and low-
temperature line widths of the present materials follows the trend D-230 > FcDA >
MDA. Above Ty, the measured line widths become similar with 828\D-230 showing
the highest degree of motional averaging at higher temperatures. This is consistent
with the overall similarities in crosslink density among the materials, as noted in Table
3-1 and discussed at length in Chapter 3 with regards to measurements of epoxy
conversion and G/'. It is important to note that, despite the substantial differences in
stress relaxation above T4 among these materials (Figure 3-11 and Figure 3-16), a
similar distinction in motional averaging above Tg4 should not necessarily be expected
from these experiments. The NMR line width is indicative of the motion of all protons
in the entire sample; therefore, it is entirely reasonable that the signal from a small
fraction of the sample responsible for stress relaxation (e.g., chain ends) would be, in
effect, diluted. Such considerations aside, a slight reduction in the temperature
variation (increased transition width) of the *H NMR line width at Tq for the annealed
828\FcDA (post cure) can be seen in Figure 4-5, and is also evident in the Ty
activation energies presented below. The *H NMR spectra of 828\FcDA after
annealing also have broader line widths at low temperature (Figure 4-5), which likely
reflects the loss of comparatively mobile, unreactive species.
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Figure 4-5. Static *H NMR line width (FWHM — full width at half maximum)
vs. (a) temperature offset and (b) reduced temperature for fully cured
thermosets.

The effective molecular correlation times at different temperature (z;, i = T) for these
different polymer chain motions can be estimated using:

bzl

1
T; = —tan
! 2 Wg—(w)?

Wi

(4-9)

where W; is the line width at temperature i, while Wy and W are the rigid limit and high
temperature-averaged line widths, respectively. The temperature variation z; of these
line widths is shown in Figure 4-6, and over small temperature ranges allows E, for T
and for the S relaxation region to be determined assuming an Arrhenius behavior
(Table 4-1).

Ea
Ti = To €Xp [E (4-10)
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Figure 4-6. Arrhenius behavior of the average motional correlation time.

Double Quantum NMR

The normalized DQ intensity (Inpg) variations with increasing excitation period 7pg
(see Figure 4-1 for pulse sequence definitions) observed for the different cured
materials are shown in Figure 4-7 as a function of temperature through Ty (the
equivalent scaled temperature T/Tg are included in Table 4-2 through Table 4-5).
These DQ build-ups can be analyzed to obtain the RDC as a function of temperature.
A few qualitative observations can be made concerning the different build-up
behavior. As expected, at temperatures (—40 °C) well below T, the *H-"H dipolar
coupling is very strong with Dy ranging from 40 to 50 kHz, producing the rapid rise
in Ihpg. This behavior was observed for all the materials and is consistent with the
glassy nature of these thermosets. With increasing temperatures the lnpg buildup
becomes slower, reflecting a reduction in Dys. This is particularly apparent if one
looks at the expansions in panels (b), (d), (f), and (h) of Figure 4-7. At and above Ty,
this reduction in Dy increases (Table 4-2 through Table 4-5), until the build-ups begin
to converge at very high temperature (T/Ty ~ 1.2). At high temperature, the relative
Dyes for D-230 (Table 4-3) is less than that for MDA (Table 4-2). The DQ build-ups
for FcDA before and after annealing (Table 4-4 and Table 4-5, respectively) are
significantly different, but as noted in the experimental discussion, significant
correction was required for an isotropic component (~ 6% to 10%) in the DQ
normalization, consistent with the presence of unreactive impurities that are mobile
enough not to produce DQ intensity. For this reason, the remainder of the discussion
will concentrate on the FCcDA-based material only after annealing. The latter also
reveals a reduction in Dy With increasing temperature, but is clearly heterogeneous in
nature with a rapid increase in the Inpg at short zpq (reflecting a strong Dyes) in
combination with a second, much slower recovery arising from chain segments with a
small Dy produced by motional averaging of the dipolar coupling. For an isotropic
motion, the dipolar coupling would be zero as the *H-H inter-nuclear tensor visits all
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orientations due to thermal fluctuations during the experiments. For the thermosets,
this isotropic motion does not occur due to topological constraints of the polymer
chain (i.e., crosslinks), such that there remains a non-zero Dy even at temperatures
above Tg. These DQ build-up curves were analyzed using Eqgn. 4-4 for each
temperature investigated with the results summarized in Table 4-5. At higher
temperatures, it was necessary to include a distribution of Drs (Eqn. 4-5) in order to
reproduce the DQ intensity response. Figure 4-8 shows examples of fits using Eqn. 4-3
and Eqn. 4-4 for 828\MDA, along with the need to include the bimodal response (Eqn.
4-5) to describe the annealed 828\FcDA material.
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Figure 4-7. Normalized DQ intensity build-ups for the cured thermosets.
The right panel for each curing agent shows expansions of the initial DQ
intensity build-up.

Table 4-2. Residual dipolar coupling for 828\MDA (T4 = 455 K, 182 °C)

T (K) Dies/2T8 (kHZ) | Dies, 0/27F (KHZ)
[°C] TIT, AT (K) AT/T, [rz] [rz]
233 42.8 43.1,5.0

0.51 —222 ~0.49 ’
[40] [0.9924] [0.9925]
298 42.8 45.5,14.6
0.65 ~157 ~0.35 !
[25] [0.9897] [0.9973]
423 36.2 38.9, 15.8
0.83 -32 ~0.07 !
[150] [0.9560] [0.9939]
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[le;g] 0.98 —7 -0.02 [0?997-;3] 3[(()).;,9222.]3
[Lllgg] 101 3 0.006 [0.390528] 3[%..2,9112.10
[ggg] 1.04 18 0.04 [0?91524] 2[%2,9127.]7
[gig] 1.06 28 0.06 [0?90529] 2[%)'.2’9%)%]8
[222] 1.16 74 0.16 [0.195628] [106999253
[g:i] 1.22 99 0.22 [0.195637] %(;3;9 :;]1

Table 4-3. Residual dipolar coupling for 828\D-230 (T4 = 379 K, 106 °C)

T (K) Dres/2T (KHZ) | Dyes, 0p/21 (kHZ)

[°C] TIT, AT (K) AT/T, [I’z] [I’Z]

233 53.3 56.2, 13.3
0.61 -146 -0.39

[40] [0.9963] [0.9980]

295 45.6 49.6, 18.7
0.78 -84 —0.22 ’

[22] [0.9889] [0.9984]

383 33.7 36.5, 18.2
1.01 4 0.01 ’

[110] [0.9483] [0.9914]

393 29.0 31.3,17.2
1.04 14 0.04

[120] [0.9368] [0.9894]

433 15.0 15.8, 6.3
1.14 54 0.14 '

[160] [0.9885] [0.9993]

449 11.04 11.4,5.1
1.18 70 0.18

[176] [0.9869] [0.9990]

Table 4-4. Residual dipolar coupling for 828\FcDA before annealing (T =
410 K, 137 °C)

T[O(CK]) TIT, |AT(K) | ATTy | Dieo/2T (KHZ) [1] | Dires, 00/21r (KH2) [
233 | 057 ~0.43 445 51.4,5.7
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[-40] [0.9657] [0.9884]
208 38.9 400,85
073 | -112 | -0.27
[25] [0.9657] [0.9950]
413 29.7 317, 15.3
1.01 3 0.01 ’
[140] [0.9539] [0.9905]
143 60.1(54%), 61.6, 24.8 (68%).
o | 108 | 33 | 008 20.3(46%)° 18.9, 2.0(32%)
[170] [0.9993] [0.9990]
AT
480 | | Lo | g | 496(80%), 6.6(20%)° 503, ng(é%/i)f’)' A7,
[207] [0.9913] 10.9633]

®Multicomponent Dyes distribution, fit with 2 build-ups. "Multicomponent Gaussian
distribution with small Dy fixed.

Table 4-5. Residual dipolar coupling for 828\FcDA after annealing (T =
411K, 138 °C)

T[O(CK]) T/T, | AT (K) | AT/T, Dres/211 (kH2) [r7] Des, 00/217 (KHZ) [r7]
233 49.0 51.4 (12.2)
057 | —178 | —0.43
[-40] [0.9935] [0.9959]
298 42.4 44.8 (13.2)
0.73 | —-113 | -0.27
[25] [0.9935] [0.9955]
413 37.1 40.1 (18.7)
1.005 2 0.005
[140] [0.9578] [0.9934]
243 39.4 (75%), 40.1, 25.0 (86%), 2.9,
170 1.08 32 0.08 3.7(25%)* 2.2 (14%)°
[170] [0.9194] [0.9947]
163 29.6 (62%), 2.4 32.4,16.2 (65%): 2.9,
1001 | 113 52 0.13 (27%)* 2.5 (35%)"
[190] [0.9873] [0.9964]
181 27.5 (54%), 2.6 29.0, 15.9 (57%): 1.7,
s0g] | T 70 0.17 (46%)° 1.3 (43%)°
[208] [0.9757] [0.9840]

*Multicomponent Dy distribution, fit with 2 build-ups. "Multicomponent Gaussian
distribution with small Dy fixed.

66



MDA - FcDA (post cure)

g
»

A)

o
3

o
s

e
N

nDQ Intensity
o

® Experimental 208 °C

0.1 ® Experimental 175 °C 0.1 4j/ Eqn. 4-4 + 4-5
Eqn. 4-4 ~=== EQqn. 4-3+4-5
= EqQn. 4-3 Eqn. 4-3
0.0 v v T T v 0.0 v r e
0 10 20 30 40 50 60 0 100 200 300 400
Toa (1) Toa (1S)

Figure 4-8. Examples of the different fits to I,pg intensity build-up for
828\MDA and 828\FcDA.

This mixture or distribution of local chain dynamics was directly evaluated by
determining the distribution of dipolar couplings from DQ NMR build-up curves
using the program ftikreg as shown in Figure 4-9 as a function of temperature. As
predicted, in these fully cured epoxy thermoset materials there is a large distribution in
D, with the mean ~ 40 to 60 kHz. With increasing sample temperature, the dipolar
coupling or, equivalently, the local bond order parameter S, decrease, with a dramatic
change at T > Ty with D, <12 kHz. The behavior for the D-230- and MDA-cured
epoxy thermosets is very similar for temperatures above Ty, revealing only a single
broad distribution around (D) ~10 kHz . In contrast, the FcDA-cured thermoset
revealed a bimodal distribution in the dipolar coupling corresponding to a very mobile
fraction (D, ) ~ 3kHz, and a more rigid fraction at (D, ) ~ 20 kHz above the glass

transition temperature (T/T4 = 1.2). The evolution of these residual dipolar coupling as
a function of temperature is shown in Figure 4-10.
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Figure 4-10. Residual dipolar coupling vs. scaled temperature for fully-
cured thermosets.

At temperatures well above Ty, segmental dynamics should be fast enough for chain
segments to rapidly explore all possible configurational states, with the observed Dy
reflecting the density of crosslinks. DQ-derived D, values have been utilized
extensively for rubber systems and can also be used to evaluate the role of topological
constraints in these thermosets. Under these high temperature conditions the order
parameter S, can evaluated from the ratio of D¢ and the static dipolar coupling limit
Dstat according to:

Sp=hes L 3(5)2 (4-11)

Dstat (P2 cos a) - L
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For the case of a Gaussian chain, the end-to-end distance R can be described by N
statistical Kuhn segments of length a, with Sy, proportional to 1/N:

R? = Na%L = Nar =
Rg

3 (R\% _ 312

5=3(;) =3% (4-12)

The Kuhn segment can be related to the actual crosslink density using:

R? = Co Nyl (4-13)
where the subscript M implies maximum extension, given by:
" = Na = fNMlM (4'14)
2
N =L Ny
a= % I (4-15)

where C_ is the characteristic ratio for the polymer chains, and f depends on the bond
angle in the material. It is well known for rubbery materials, that DQ NMR
experiments can provide the crosslink density using Eqgn. 4-12. It is argued that for
epoxy thermosets at temperatures T > Ty, the DQ NMR order parameters are also
related to the crosslink or entanglement density. Unfortunately, an accurate estimate of
C_, is not currently available for these epoxy thermosets, precluding using Eqgn. 4-15

to relate the statistical segment to the actual chain segments. In addition, it is unclear
what impact using the different curing agents would have on C_ for these materials.

Instead, we have taken a slightly different approach by looking at the ratio of the
measured order parameters S, to compare the epoxy thermosets obtained for the

different curing agents. It is assumed that the static dipolar coupling and scaling factor
are equivalent, such that by comparing the ratios of Dy, it is possible to obtain ratios
of Sp and an effective measure of the chain flexibility

sV 32 (3 2 N@  NBc®
o~ 5o/ ) = vw = e (+-16)
A smaller Sy ratio would imply greater mobility, corresponding to a larger number of
statistical Kuhn segments describing the polymer chain. As we have discussed at
length in Chapter 3, all experimental evidence suggests that 828\FCDA possesses
similar crosslink density to the conventional materials. Therefore, the segment end-to-
end distances between constraints are equivalent, meaning that the chain was more

flexible with C? > C®. The ratio of order parameters at AT /T ~0.2 is shown in

Figure 4-11. These results show that the local order parameters Sy, for the FCDA epoxy
thermosets are only 10 to 15% of those observed in the MDA and D-230 epoxies. This
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4.4.

local measurement of chain dynamics is consistent with the increased fluxional
properties of the FCDA curing agent.
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Figure 4-11. Order parameter ratios, indicating significantly enhanced
average chain flexibility for FcDA-based networks.

Conclusions

In summary, the results of our solid state *H NMR investigation into chain dynamics
in these epoxy thermosets mirror the stress relaxation phenomena described in Chapter
3. The static "H NMR spectra exhibited an abrupt change in line width ascribed to
variation in motional averaging associated with the glass transition, as well as more
subtle changes associated with lower temperature relaxation processes. More
importantly, the DQ intensity build-up was comprehensively evaluated as a function
of temperature, from which the residual dipolar coupling was estimated via non-linear
fitting. The ferrocene-based thermoset exhibited a bimodal distribution in dipolar
coupling at temperatures above Tg, indicative of chain segments exhibiting both rapid
and slow dynamics. Finally, a comparison of residual dipolar coupling between
different curing agents revealed that the order parameter of a FCDA-cured material is
roughly an order of magnitude lower than either MDA-cured or D-230-cured
materials. Although these observations are consistent with increased chain flexibility
in ferrocene-based networks, they are not definitive proof of torsional flexing of Cp
ligands in such materials. Future efforts should be directed at selective deuterium
labeling of the Cp rings, so as to permit deconvolution of the Cp signal from the
remainder of the polymer network via solid state 2H NMR.
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SUMMARY AND FUTURE WORK

The results presented in Chapter 3 and Chapter 4 give confidence that organometallic
fluxionality can be exploited to profoundly alter chain dynamics in thermosets above
Ty and thereby enable relaxation of stresses occurring in the rubbery state. In turn, this
phenomenon leads to reduced overall residual stress due to cure in a like-for-like
comparison between fluxional and conventional thermosets. Nevertheless, stress
management in practical applications requires careful consideration of both cure
stresses and thermal stresses. Unfortunately, condensation polymerizations, such as
those based on epoxy-amine chemistry, typically yield stress profiles in which the
overall residual stress is dominated by thermal effects, rather than cure shrinkage. This
has been described previously by Lange, et al., in a series of publications comparing
residual stresses in epoxy and acrylate thermosets.'2**24

As further illustration, Figure 5-1 compares the combined stress build-up due to cure
and subsequent cooldown for 828 cured with FCDA and IPD. The initial portion of
each curve, up to 10 or more hr, is the isothermal cure stress, i.e., the same data
previously depicted in Figure 3-8. The second, much larger increase in stress at later
time is the stress due to cooling from the cure temperature to room temperature, i.e.,
AT =-45 °C, —65 °C, and —85 °C, for cure temperatures of 70 °C, 90 °C, and 110 °C,
respectively. Two important facts are immediately apparent from these data. First, the
thermal stress is over an order of magnitude larger than the cure stress, and this
disparity increases with increasing cure temperature. Second, for a given cure
temperature, there is negligible difference in the overall residual stress when curing
with FCcDA compared to IPD. The final stress level after cooldown in both cases is
approximately 3 MPa, 4 MPa, and 5 MPa when curing at 70 °C, 90 °C, and 110 °C,
respectively.
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Figure 5-1. Stress build-up due to cure and subsequent cooldown to
room temperature for 828 cured with (a) FcDA and (b) IPD.

Clearly, then, organometallic fluxionality does not substantially alter the overall
residual stress in highly crosslinked thermosets based on condensation
polymerizations, such as we have investigated in this work. These materials possess
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comparatively high T4 values and residual stress is built up primarily in the glassy
regime. To reiterate, the cure temperatures in Figure 5-1 are below Ty, thus the
materials are glassy through the entirety of cooldown. In conjunction, our solid state
'H NMR data presented in Chapter 4 do not indicate any profound differences in
segmental dynamics below Tg. This is reasonable to expect, as the glass transition
defines the point below which segmental motion is arrested, particularly for the
homogeneous networks typical of condensation polymerizations. Previous work has
also shown that fluxionality is only apparent near or above Tg in polymers with
backbone chain connectivity through ferrocene units.®®

In light of this revelation, future work concerning stress management through
fluxional materials should focus on polymer systems better suited to exploit rubbery
chain dynamics. Among thermosets, radical-cured materials are an attractive choice
for several reasons. These materials involve chain-growth polymerization
mechanisms, in which gelation occurs at relatively low extents of functional group
conversion. Consequently, the residual stress due to cure is significantly greater than
condensation-cured materials, often approaching levels comparable to or greater than
subsequent thermal stresses. In addition, chain-growth polymerizations yield highly
heterogeneous networks, characterized by regions of high crosslink density
interspersed among regions of low crosslink density populated with several types of
network defects. In contrast, step-growth polymerizations (e.g., epoxy-amine) yield
homogeneous networks, where the concentration of network defects is effectively
dependent only on the initial balance of reactive, functional groups. The heterogeneity
inherent to radical-cured materials leads to considerable chain mobility below Ty
(evident, for example, by broad loss tangent peaks), offering the possibility to exploit
organometallic fluxionality to enhance stress relaxation in the glassy regime.

Organometallic fluxionality may also be of utility for stress management in linear
polymers, particularly thermoplastics. Although many groups have incorporated
ferrocene onto the backbone of linear polymers, the implications of fluxionality on
stress relaxation apparently have not been considered. At a minimum, the low energy
barrier associated with Cp rotation should lead to decreased relaxation times
associated with terminal relaxation, i.e., flow. This characteristic is expected to be
useful for minimization of processing stresses as it will enable comparable final
properties with reduced cycle time.
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